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(57) Abstract 

A reactor for catalytic dehydrogenation of dehydrogenatable hydrocar- 
bons, in particular C3 and/or C4 hydrocarbons, in a hydrocarbon-containing 
stream, with selective oxidation of hydrogen. The reactor comprises seri- 
ally connected in the flow direction of the hydrocarbon -containing stream: a 
first catalyst zone (2), an oxygen admixing zone (3) provided with a means 
(5) for separate feeding of an oxygen-containing gas into the hydrocarbon- 
containing stream, and a second catalyst zone (4). The oxygen admixing 
zone (3) has a cross section area in the flow direction of the hydrocarbon- 
containing stream which is from 0.5 % to 75 % of the cross section area of 
each of the two catalysts zones (2, 4), so as to obtain a higher flow velocity 
in the oxygen-admixing zone (3) than in the catalyst zones. The means (5) 
for feeding oxygen-containing gas is designed to feed said gas with a flow 
velocity which is at least 1 m/s and is up to 200 times higher than the flow 
velocity of the hydrocarbon-containing stream in the oxygen-admixing zone. 
The oxygen-admixing zone (3) is free of catalyst at least in the region adja- 
cent to the oxygen feeding means (5). 
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A reactor for catalytic dehydrogenation of hydrocarbons 
with selective oxidation of hydrogen. 

Field of invention. 

The present invention relates to a reactor for catalytic dehy- 
drogenation of dehydrogenatable hydrocarbons, in particular C 3 
and/or C 4 hydrocarbons, to more unsaturated hydrocarbons, with 
selective oxidation of hydrogen. 

10 Background of the Invention . 

Catalytic dehydrogenation of hydrocarbons is a well known and 
commercially important process. The reaction is strongly endo- 
thermic. At adiabatic conditions this will result in a lower- 
ing of the temperature in the reaction mixture and a conse- 
quent lowering of the reaction velocity. Therefore, existing 
catalytic dehydrogenation processes are dependent on external 
heat supply to uphold the reaction temperature* Besides, de- 
hydrogenation reactions are subject to equilibrium limitations 
at typical process conditions. 

20 

The above-mentioned limitations have led to the development of 
autothermal dehydrogenation processes wherein the dehydrogen- 
ation is effected in combination with an oxidation of formed 
hydrogen to water with an oxygen-containing gas. At typical 

25 reaction conditions, the exothermic heat generated by the 
combustion of about half of the formed hydrogen will compen- 
sate for the heat loss resulting from the endothermic dehydro- 
genation reaction. In addition to achieving a desired heat 
balance, the consumption of hydrogen in the combustion reac- 

3£J tion will shift the equilibrium of the desired dehydrogenation 
reaction in the direction of a higher conversion to dehydro- 
genated hydrocarbons. 

It is strongly desired in such an autothermal dehydrogenation 
35 of hydrocarbons that a selective oxidation of hydrogen takes 
place without any substantial oxidation of hydrocarbons to 
carbon oxides, as oxidation of hydrocarbons will reduce the 
efficiency of the dehydrogenation process, due to a direct 
loss of product and also due to the formation of carbon mon- 


WO 96/19424 PCI7NO95/00236 

2 

oxide. Carbon monoxide may have a deleterious effect on the 
performance of the dehydrogenation catalyst and thus indirect- 
ly reduce the yield of the desired dehydrogenated hydrocarbon. 

s US Patent No. 4,914,249 describes a process for autothennal 
dehydrogenation of a dehydrogenatable hydrocarbon, comprising 
two dehydrogenation stages and an intermediate oxidation stage 
for a selective oxidition of hydrogen to water. In this pre- 
viously known process, the effluent stream from the first 

io dehydrogenation stage, comprising a mixture of dehydrogenated 
hydrocarbon, unconverted hydrocarbon, hydrogen and steam, is 
subjected to a selective oxidation of hydrogen on a separate 
oxidation catalyst in a separate oxidation zone, to which zone 
the oxygen-containing gas required for the combustion is fed, 

is preferably at a position adjacent to the bed of oxidation 
catalyst. The effluent from this separate oxidation zone is 
then subjected to the next dehydrogenation step. Said patent 
does not specify the flow conditions at which the oxygen-con- 
taining gas is introduced into the oxidation zone and mixed 

20 with the effluent stream from the first dehydrogenation stage. 

US Patent No. 4,739,124 discloses another autothermal dehydro- 
genation process. Here, a hydrocarbon represented by ethane is 
dehydrogenated catalytically in a reactor comprising at least 

as two separate beds of a dehydrogenation catalyst. A feed stream 
comprising ethane is passed into the first bed of dehydrogena- 
tion catalyst maintained at dehydrogenation conditions com- 
prising temperatures in the range of 538°C to 750°C. The eff- 
luent stream from this bed, comprising ethane, ethylene formed 

30 as a product and hydrogen formed as a by-product, is cooled 
and then mixed with an oxygen^containing gas, whereupon the 
obtained mixture is fed to a separate bed of a selective 
hydrogen oxidation catalyst maintained at oxidation promoting 
conditions. The effluent stream from said oxidation bed, which 

35 has been heated as a result of the hydrogen combustion, is 
passed to a second bed of dehydrogenation catalyst similar to 
the first bed of dehydrogenation catalyst. 
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The purpose of cooling the effluent stream from the first bed 
of dehydrogenatlon catalyst in the process of US 4,739,124, by 
direct or indirect heat exchange, is to increase the need for 
combustion of hydrogen in the bed of hydrogen oxidation cata- 
s lyst. Because a larger part of the hydrogen in the gas mixture 
has to now be consumed to reach the desired dehydrogenatlon 
temperature, the equilibrium concentration of dehydrogenated 
hydrocarbon i the gas mixture is increased, and the higher 
equilibrium concentration becomes a driving force for achiev- 
ing an increased conversion in the dehydrogenatlon reaction. 

The distribution and admixing of the oxygen-containing gas in 
the process of US Patent No. 4,739,124 takes place in a 
catalyst- free zone between the first bed of dehydrogenatlon 
catalyst and the bed of hydrogen oxidation catalyst. The 
oxygen-containing gas may be introduced co-currently through 
nozzles (shown in the drawing of the patent) or, as also 
suggested in the patent, through a complex grid of piping 
having a circular or branching structure (column 8, lines 54 
to 58). It is also mentioned that various elements may be 
placed in the catalyst-free zone to improve the mixing effi- 
ciency, but the utilization of such elements is not recommen- 
ded as it would tend to increase the reactor costs and may 
increase the pressure drop through the process. There is no 
suggestion in the patent that the catalyst- free zone should 
have a restricted flow cross-section area relatively to that 
of the two beds of dehydrogenatlon catalyst, for the purpose 
of increasing the flow velocity in the catalyst- free oxygen- 
admixing zone. 

Summary of the invention. 

It has now been found that, in an autothermal or approximately 
autothermal process for the dehydrogenatlon of hydrocarbons 
with selective oxidation of hydrogen, a more efficient and 
selective oxidation of the hydrogen can be achieved when the 
oxygen-containing gas needed for the oxidation is introduced 
in the process and mixed with the hydrocarbon-containing main 
stream at certain specific conditions, especially with respect 
to the flow velocity of the hydrocarbon-containing main 
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Thus, the present invention provides a reactor for catalytic 
dehydrogenation of dehydrogenatable hydrocarbons, in parti- 

s cular C 3 and/or C 4 hydrocarbons, in a hydrocarbon-containing 
stream, with selective oxidation of hydrogen, comprising 
serially connected in the flow direction of the hydrocarbon- 
containing stream: 

a first catalyst zone (2) arranged to accommodate a 

io dehydrogenation catalyst which optionally also functions as a 
hydrogen oxidation catalyst, or a dehydrogenation catalyst and 
optionally a hydrogen oxidation catalyst in addition thereto; 
in which latter case said catalyst zone (2) is arranged to 
accommodate said hydrogen oxidation catalyst in the inlet part 

is of the zone, 

an oxygen admixing zone (3) provided with a means (5) 
for separate feeding of an oxygen-containing gas into the 
hydrocarbon-containing stream, said oxygen- admixing zone (3) 
being free of catalyst at least in the region adjacent to the 

20 oxygen feeding means (5), and 

a second catalyst zone (4) arranged to accommodate a 
dehydrogenation catalyst which optionally also functions as a 
hydrogen oxidation catalyst, or both a dehydrogenation cata- 
lyst and a hydrogen oxidation catalyst, in which latter case 

25 said catalyst zone ( 4 ) is arranged to accommodate said hydro- 
gen oxidation catalyst in the inlet part of the zone. 

The characteristic features of the new reactor consist in 
that: 

30 the oxygen admixing zone (3) has a cross-section area 

in the flow direction of the hydrocarbon-containing stream 
which is from 0.5% to 75% of the cross-section area of each of 
the two catalysts zones (2, 4), so as to obtain a higher flow 
velocity in the oxygen-admixing zone (3) than in the catalyst 

3s zones , and 

the means (5) for feeding oxygen-containing gas is 
designed to feed said gas with a flow velocity which is at 
least 1 m/s and is up to 200 times higher than the flow velo- 
city of the hydrocarbon-containing stream in the oxygen-admix- 
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ing zone. 

The fast, selective and high level hydrogen conversion achie- 
ved in the reactor of the invention contributes in an effi- 
cient manner to shift the equilibrium of the dehydrogenation 
reactions in the direction of an increased conversion to the 
desired unsaturated hydrocarbons. Thus, by using conventional 
dehydrogenation temperatures, a higher yield of dehydrogenated 
product can be obtained. Alternatively, a conventional conver- 
sion level can be maintained combined with a substantial low- 
ering of the temperature in the dehydrogenation bed. The low- 
ered temperature will result in a decreased sintering of the 
dehydrogenation catalyst and a reduced coke deposition thereon 
and provide a more stable dehydrogenation activity for an ex- 
tended period of time. The need for regeneration of the cata- 
lyst is thereby strongly reduced. Also, the selectivity of the 
process for the formation of the desired unsaturated hydrocar- 
bons will be substantially higher at said lower temperatures 
than in similar conventional high temperature processes. A 
lower process temperature is also desirable with a view to the 
selection of the construction material for the reactor. 

In preferred embodiments of the reactor, the oxygen-admixing 
zone has a cross- section area in the flow direction of the 
hydrocarbon-containing stream which is from 3% to 50% of the 
cross-section area of each of the two catalyst zones. In still 
more preferred embodiments the oxygen- admixing zone 3 has a 
cross- section area in the flow direction of the hydrocarbon- 
containing stream which is from 5% to 25% of the cross-section 
area of each of the two catalyst zones 2, 4. 

Detailed description of the invention and 
preferred embodiments. 

The invention will now be described in more detail with refe- 
rence to the appended drawings, wherein 

Figure 1 is a schematic sectional view of an embodi- 
ment of the two first catalyst zones and the two first oxygen- 
admixing zones of a reactor according to the invention having 
three or more catalyst zones; 
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Figure 2 is a schematic sectional view of a nozzle 
tube utilized in each of the oxygen- admixing zones of the 
reactor shown in Figure 1; and 

Figures 3 to 5 show reactor embodiments similar to 
s the one shown in Figure 1, with different designs of the 
oxygen-admixing zones. 

Figure 1 shows a dehydrogenation reactor 1 having an inlet 9 
for a feed consisting of a mixture of a dehydrogenatable 
io hydrocarbon, e.g. propane, steam, hydrogen and oxygen, said 
oxygen being optionally introduced in the form of air or other 
oxygen-containing gas. The reactor 1 comprises a first cata- 
lyst zone 2 and a second catalyst zone 4, both containing a 
catalyst 7 which serves both as a dehydrogenation catalyst and 
as as a hydrogen oxidation catalyst. An oxygen-admixing zone 3 is 
arranged between the outlet of the first catalyst zone 2 and 
the inlet of the second catalyst zone 4, which oxygen-admixing 
zone is free of catalyst and has a diameter which is substan- 
tially smaller than the diameter of the catalyst zones 2 and 
io 4. The oxygen-admixing zone 3 is provided with a means 5 for 
feeding an oxygen-containing gas, designed as a tube having 
orifices 6, which orifices may be constituted by nozzles 
arranged in the walls of the tube. The number of orifices or 
nozzles may be from one to several thousands, dependent on the 
2s importance of an even distribution of the oxygen in the hydro- 
carbon-containing stream, which latter will also be referred 
to as the "main stream" . The tube 5 or parts thereof may 
optionally have porous walls. The oxygen- feeding means 5 has 
an inlet 8 for oxygen-containing gas, which inlet extends 
30 laterally through the wall of the oxygen- admixing zone 3. By 
said feeding means 5 having its inlet for the oxygen-contain- 
ing gas mounted laterally into the oxygen-admixing zone 3, a 
good temperature control can be achieved for the admixing of 
oxygen into the main stream. A similar oxygen-admixing zone 3 
35 is arranged downstream of catalyst zone 4. 

Adjacent to the outlet region of each of the two catalyst 
zones 2 and 4, the shown reactor embodiment has a bed 10 of 
inert particles, e.g. quartz particles, for the purpose of 
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preventing oxygen which is introduced into the oxygen- admixing 
zone 3 downstream of the catalyst zone from back-flowing into 
said catalyst zone against the flow direction of the main 
stream* A similar bed 11 of inert particles is provided in the 
inlet region of the second catalyst zone 4 for the purpose of 
ensuring a good mixing of the propane-containing main stream 
with the oxygen-containing gas before the mixture reaches the 
downstream catalyst. Although said layers 10 and 11 of inert 
particles bring about advantages, they are not strictly 
required in the reactor. The inlet and outlet regions of the 
catalyst zones are preferably tapered to ensure favourable 
flow conditions in the transition regions between reactor 
sections having different flow cross-section areas. 

After having passed through the first catalyst zone 2, the 
first oxygen-admixing zone 3 and the second catalyst zone 4 
the dehydrogenated hydrocarbon-containing product stream would 
have been removed from the reactor if the reactor had only two 
catalyst zones. However, instead of an outlet for the dehydro- 
genated hydrocarbon product downstream of the second catalyst 
zone, Figure 1 shows a second oxygen-admixing zone 3, implying 
that the reactor shown in Figure 1 includes at least one addi- 
tional catalyst zone. 

In the embodiment shown in Figure 1, the catalyst zones 2 and 
4 contain a catalyst serving both as a dehydrogenation cata- 
lyst and a hydrogen oxidation catalyst. As an alternative, 
however, separate dehydrogenation and hydrogen oxidation cata- 
lysts could be used. In such a case, a separate hydrogen oxi- 
dation catalyst would be placed in the first catalyst zone 2, 
in the second catalyst zone 4, and in subsequent catalyst 
zones, in a relatively narrow bed between the bed of inert 
particles 11 and the bed of catalyst 7. Catalyst 7 would in 
this case be a plain dehydrogenation catalyst. 

The separate hydrogen oxidation catalyst bed may consist of 
catalyst particles or an oxidation mesh. The selective com- 
bustion of hydrogen to water will take place in this hydrogen 
oxidation catalyst bed. Particles having a low surface area 
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and large pores are ideal for preventing problems due to 
restrained pore diffusion, and a resulting prolonged dwelling 
time in the catalyst bed for parts of the gas mixture, since 
such particles will favour the more rapid reaction, which is 
the combustion of hydrogen. Thus, competing slow reactions 
between oxygen and the hydrocarbons in the main stream are 
suppressed . 

Figure 2 shows an embodiment of the nozzle tube 5 mounted in 
the oxygen-admixing zone 3 of the reactor shown in Figure 1. 
Orifices 6 are provided in the nozzle tube, which orifices can 
be shaped as nozzles, e.g. venturi nozzles. Venturi nozzles 
provide a higher flow velocity of the oxygen-containing gas 
than simplle orifices in the walls of the nozzletube at equal 
pressure drop and may therefore be preferable to simple ori- 
fices. 

Figure 3 shows a reactor embodiment similar to the one shown 
in Figure 1, except that the means 5 for feeding oxygen-con- 
taining gas has several nozzle tubes 5A instead of a single 
tube. Several nozzle tubes in the oxygen- admixing zone will 
secure a more even distribution of the oxygen in the main 
stream and thus reduce the risk of high local oxygen concen- 
trations and the consequent risk of explosion. However, by 
using several nozzle tubes 5A the construction becomes more 
complex than with a single nozzle tube and maintenance may 
then be more difficult. 

Figure 4 shows a reactor embodiment similar to the one shown 
in Figure 1, except that the means 5 for feeding oxygen-con- 
taining gas comprises a nozzle tube extending centrally 
through the length of the reactor. Said nozzle tube is pro- 
vided with orifices or nozzles 6 in each of the two oxygen- 
admixing zones 3. In this embodiment of the reactor, the 
oxygen- feeding tube 5 may easily be removed from the reactor 
for maintenance and it has only one inlet for the oxygen- 
containing gas. 
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Finally , Figure 5 shows a reactor embodiment corresponding to 
the one shown in Figure 1, except that the means 5 for feeding 
oxygen-containing gas is arranged outside of the oxygen-admix- 
ing zone 3, for feeding the oxygen-containing gas through ori- 
fices or nozzles 6 in the outer walls of the oxygen-admixing 
zone 3. This design of the oxygen- feeding means 5 is simple 
and allows a good control of the temperature of the Introduced 
oxygen-containing gas all the way to the nozzle inlets* 

When the means 5 for feeding oxygen-containing gas is designed 
as shown in Figure 5, a massive body 12 may be mounted in a 
centered position within the oxygen-admixing zone 3 so as to 
reduce the flow cross-section area of the main stream and thus 
increase the flow velocity of the main stream. 

In a modification of the latter embodiment of the feeding 
means 5, the massive body 12 may be replaced by e.g. a porous 
ceramic body coated with a hydrogen oxidation catalyst, so 
that the combustion of hydrogen will start before the mixture 
has reached the catalyst zone 4 downstream of the oxygen- 
admixing zone 3. It is desirable that such combustion takes 
place on a thin catalyst layer which is not hampered by 
diffusion restraints, because such thin catalyst layer would 
strongly promote selective combustion of hydrogen to water. 
The thin catalyst layer on the ceramic body may consist e.g. 
of a powder of the catalyst impregnated on the ceramic body. 

The reactor of the invention may suitable have 2 to 10 stages, 
corresponding to the same number of catalyst zones, in a 
series of alternating catalyst zones and oxygen-admixing 
zones, wherein the first zone of the reactor is constituted by 
a catalyst zone 2 and the last zone thereof is constituted by 
a catalyst zone 4. The number of stages or catalyst zones will 
be determined by the desired conversion of the hydrocarbon to 
be dehydrogenated . 

The hydrocarbon feed charged to the reactor of the invention 
at 9, in addition to one or more hydrocarbons, will comprise 
steam, hydrogen and oxygen, as is usual in essentially auto- 
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thermal processes for the dehydrogenation of hydrocarbons. The 
oxygen-containing gas introduced in the oxygen-admixing zone 3 
of the reactor may suitably have an oxygen concentration of 
20% to 100%. The remaining part of the gas may comprise e.g. 
nitrogen and/or steam. Thus, air may be used as the oxygen- 
containing gas. The oxygen content of the gas may be as high 
as 100% without the selectivity for oxidation of hydrogen to 
water being substantially reduced as compared to oxygen con- 
centrations in the oxygen feed down towards 20%. 

As mentioned in the introductory part of the specification, it 
is strongly desired in autothermal dehydrogenation of hydro- 
carbons that a selective oxidation of hydrogen takes place, 
i.e. an oxidation of hydrogen without any substantial concurr- 
ent oxidation of hydrocarbons, as oxidation of hydrocarbons 
will reduce the efficiency of the dehydrogenation process. 

The added oxygen needs a certain time to be sufficiently 
admixed with the main stream, before the mixture is contacted 
with the catalyst which catalyzes the combustion of hydrogen. 
The mixing time is defined as the time it takes for the main 
stream to pass from the nozzle outlet to the catalyst. It is 
determined by the distance from the nozzle to the catalyst and 
by the flow velocity of the main stream. 

For the oxidation of hydrogen to take place with a high selec- 
tivity, it has been found that the mixing time must be suffi- 
ciently short that no substantial conversion of the oxygen in 
gaseous phase occurs before the mixture is contacted with the 
catalyst. Oxygen conversion occurring in gaseous phase, before 
the mixture is contacted with the catalyst, has an undesirably 
low 0 2 selectivity for H 2 0 and will result in an undesirably 
high degree of oxidation of hydrocarbons. However, as soon as 
the mixture is contacted with the catalyst, oxidation of hyd- 
rogen to water takes place almost spontaneously and with a 
high selectivity, provided that the oxygen is well admixed 
with the main stream. 
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Tests carried out by the inventors have shown that the best 
results are achieved when the mixing time is less than 15 
milliseconds ( ms ) . 

The inventors have also found that a high flow velocity of the 
main stream in the oxygen-admixing zone 3 is essential to 
achieve a complete admixing of the added oxygen with the main 
stream. Thus, simulated dehydrogenations of propane carried 
out by the inventors have shown that an increase of the flow 
velocity of the main stream within actual flow velocity ranges 
results in a substantial increase of the 0 2 selectivity for 
H 2 0. By way of example, an increase of the flow velocity of the 
main stream from 0.9 m/s to 4.5 m/s resulted in an increase of 
the 0 2 selectivity for H 2 0 of from less than 80% to 95.5%, the 
distance between the nozzle and the catalyst being approxima- 
tely constant. Such high 0 2 selectivity for H 2 0 is assumed to 
be due to the higher flow velocity of the main stream, resul- 
ting in a more complete admixing of the oxygen with the main 
stream. 

It is true that the 0 2 selectivity for H 2 0 could be increased 
somewhat by increasing the mixing time from 11 to 24 ms, viz. 
from 69% to 78%, but a further increase of the mixing time to 
46 ms, with the flow velocity of the main stream being the 
same, resulted in a reduction of the 0 2 selectivity for H 2 to 
80%. Thus, the right solution was not to increase the mixing 
time but to increase the flow velocity of the main stream, 
maintaining a short mixing time (11 ms). The flow velocity of 
the 0 2 mixture through the nozzle was maintained at a constant 
value (of about 33 m/s) during the above-mentioned experi- 
ments, and the mixing time was adjusted by varying the dis- 
tance between the outlet of the oxygen- feeding nozzle and the 
catalyst bed. 

According to the invention, the desired high flow velocity of 
the main stream through the oxygen- admixing zone is achieved 
by narrowing the flow cross-section area of the oxygen-admix- 
ing zone essentially relatively to the flow cross-section area 
of the catalyst zones. Suitable main stream flow velocities in 
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the oxygen-admixing zone of the reactor of the invention may 
be in the range of 1 to 50 m/s. The flow velocity of the main 
stream through the dehydrogenation catalyst beds will be 
substantially lower, however, than the flow velocity in the 
s oxygen- admixing zone, in order to achieve a high conversion in 
dehydrogenation of the hydrocarbon. 

The velocity at which the oxygen-containing gas is introduced 
into the oxygen-admixing zone 3 through the orifices or 

io nozzles 6 appears to be less critical to the achievement of a 
complete admixing of the oxygen than the flow velocity of the 
main stream in the oxygen- admixing zone, provided that the 
oxygen-containing gas is fed at a flow velocity at a certain 
level, e.g. of the order of magnitude of 35 m/s or higher, 

is e.g. up to 200 m/s. Any further increase of the flow velocity 
of the oxygen-containing gas does not appear to result in any 
substantially improved selectivity for the oxidation of 
hydrogen to water. 

20 Experiments have shown that a co-current, axial introduction 
of the oxygen into the main stream does not result in any 
substantially poorer mixing or reduced selectivity of the 
oxidation of hydrogen to water than an introduction of the 
oxygen-containing gas through radial nozzles in a direction 

25 transversal to the flow direction of the main stream, provided 
the flow velocity of the oxygen-containing gas is of the 
above-mentioned order of magnitude. It has been established, 
however, that the oxygen-containing gas is distributed some- 
what better by using radial nozzles and such introduction of 

30 the oxygen is therefore preferred, not the least because it 
reduces the risk of high local oxygen concentrations. 

Operation conditions at which the reactor of the invention may 
be operated in a process for the dehydrogenation of propane to 
35 propene are given below. It is to be noted, however, that the 
reactor of the invention is not limited to being useful for 
the dehydrogenation of propane but is also useful for the 
dehydrogenation of other dehydrogenatable hydrocarbons. 
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Reactor pressure: 

Dehydrogenation temperature : 

Oxidation temperature: 

Hydrogen conversion: 

Main stream velocity: 

Velocity of oxygen -containing gas 


0,5-3 bars 
400-700 Q C 


25-700°C 


10-100 % 


0,1-10 ra/s 


at nozzle outlet: 
Mixing time: 


1 m/s - crit. velocity 
< 15 ms 


As dehydrogenation catalyst and as hydrogen oxidation cata- 
lyst, any such previously known catalysts may be used. In the 
experiments carried out for assessing the present invention, 
catalysts were used which contained Pt (0.7-1.02 % by weight), 
Sn (0.5-1.15 % by weight) and Cs (1.72-3.86 % by weight) on 
6-Al 2 0 3 , as well as a catalyst containing 0.3% by weight of Pt 
and 1.2 % by weight of tin on a mixed oxide Mg(Al)0. Said 
catalysts act both as a dehydrogenation catalyst and as a 
hydrogen oxidation catalyst. 

Experiments have shown that oxygen can be effectively admixed 
with the main stream at temperatures up to the range of 550 to 
600 °C without the selectivity for water being reduced. 

The overall reaction in the dehydrogenation of the dehydro- 
genatable hydrocarbons may be autothermal, exothermic or 
endothermic. 

In a process for the dehydrogenation of propane to propene, 
the overall reaction is autothermal when the oxygen oxidizes 
about half of the hydrogen formed in the dehydrogenation reac- 
tion. The dehydrogenation is then typically carried out at 
580-650°C. 

In a process for the dehydrogenation of propane, the overall 
reaction is exothermic when the oxygen oxidizes more than half 
of the hydrogen formed in the dehydrogenation reaction. In 
such case, the dehydrogenation is carried out at low tempera- 
ture (400-580°C), and the driving force for achieving a high 
conversion of the propane is generated by combustion of hydro- 
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gen. A low hydrogen concentration shifts the reaction equili- 
brium in the direction of a higher conversion of the propane 
to propene. 

In a process for the dehydrogenation of propane, the overall 
reaction is endothermic when the oxygen oxidizes less than 
half of the hydrogen formed in the dehydrogenation reaction. 
At high concentrations of the propene product, e.g. in the 
last stages of a multistage reactor, there will be a higher 
risk of undesired gaseous phase reactions between oxygen and 
propene than in the preceding stages. It may therefore be 
advisable to limit the amount of added oxygen in said last 
stages so as to achieve an endothermic overall reaction. 

Example 

A dehydrogenation of propane to propene at a pressure of 1 bar 
and a temperature of about 600°C, combined with combustion of 
hydrogen with an oxygen-containing gas, was carried out at a 
laboratory scale. The test was carried out in a reactor of the 
design shown schematically in Figure 4, comprising a first 
catalyst zone 2, a second catalyst zone 4 and an intermediate 
oxygen- admixing zone 3. Both catalyst zones contained a cata- 
lyst consisting of 0.3 % by weight of Pt and 1.2 % by weight 
of Sn on a carrier consisting of Mg(Al)0, prepared as disclo- 
sed in international patent application No. PCT/NO94/00102 . 
The flow cross-section area of the oxygen-admixing zone was 
about 5% of the flow cross-section area of each of the two 
catalyst zones. The amounts of catalyst in the catalyst zones, 
the composition of the propane-containing feed stream (the 
main stream) and the composition of the oxygen-containing 
stream were as follows: 

Amount of catalyst: 

Catalyst zone 2 (g) 

Catalyst zone 4 (g) 
Main stream: 

C 3 H e (N ml/min) 

H 2 (N ml/min) 

N 2 (N ml/min) 


19.1 
58.5 

1000 
400 
45 
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0 2 (N ml/min) 130 

H 2 0 (N ml/rain) 1040 
0 2 -containing stream: 

0 2 (N ml/min) 130 

N 2 (N ml/min) 45 

The propane-containing feed stream (the main stream) was 
introduced with a gas space velocity per hour GHSV of 2100 N 
ml g" 1 h" 1 . The flow velocities in the reactor were: 

Catalyst zone 2: 0.51 m/s 

Oxygen- admixing zone 3: 8.4 m/s 

Catalyst zone 4: 0.51 m/s 
Oxygen-containing gas through 

the nozzles: 47 m/s 

The above test conditions resulted in a mixing time in the 
oxygen- admixing zone of 6 milliseconds (ms). The oxidation 
temperature in the inlet region of the catalyst zone 4 was 
about 400 °C. 

The hydrogen conversion in catalyst zone 2 was 65%, whereas 
the hydrogen conversion in catalyst zone 4 was 50%. After 20 
hours of operation the results were: 


Conversion of propane: 55 % 

C-selectivity for propene: 94 mol% 

Yield of propene: 51.7 mol% 

Conversion of oxygen: 100% 

0 2 -selectivity for water: 87% 


The results achieved with the reactor design employed in this 
example are markedly improved relatively to results achieved 
with previously known reactor designs which do not provide any 
substantial difference between the flow velocity of the main 
stream in the catalyst zones and its flow velocity in the 
oxygen- admixing zone(s). When the flow velocity of the main 
stream is substantially higher in the oxygen-admixing zone 
than in the catalyst zones, as in this example, the hydrogen 
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is oxidized more selectively to water, and the dehydrogenation 
reaction is maintained at a high conversion level with a good 
selectivity for propene. 
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1. A reactor for catalytic dehydrogenation of dehydroge- 

natable hydrocarbons, In particular C 3 and/or C 4 hydrocarbons, 
in a hydrocarbon-containing stream, with selective oxidation 
of hydrogen, comprising serially connected in the flow direc- 
tion of the hydrocarbon-containing stream: 

a first catalyst zone (2) arranged to accommodate a 
dehydrogenation catalyst which optionally also functions as a 
hydrogen oxidation catalyst, or a dehydrogenation catalyst and 
optionally a hydrogen oxidation catalyst in addition thereto, 
in which latter case said catalyst zone ( 2 ) is arranged to 
accommodate said hydrogen oxidation catalyst in the inlet part 
of the zone, 

an oxygen admixing zone ( 3 ) provided with a means ( 5 ) 
for separate feeding of an oxygen-containing gas into the 
hydrocarbon-containing stream, said oxygen-admixing zone (3) 
being free of catalyst at least in the region adjacent to the 
oxygen feeding means ( 5 ) , and 

a second catalyst zone ( 4 ) arranged to accommodate a 
dehydrogenation catalyst which optionally also functions as a 
hydrogen oxidation catalyst, or both a dehydrogenation cata- 
lyst and a hydrogen oxidation catalyst, in which latter case 
said catalyst zone ( 4 ) is arranged to accommodate said hydro- 
gen oxidation catalyst in the inlet part of the zone, 
characterized in that: 

the oxygen admixing zone (3) has a cross-section area 
in the flow direction of the hydrocarbon-containing stream 
which is from 0.5% to 75% of the cross-section area of each of 
the two catalysts zones (2, 4 ) , so as to obtain a higher flow 
velocity in the oxygen- admixing zone (3) than in the catalyst 
zones, and 

the means (5) for feeding oxygen-containing gas is 
designed to feed said gas with a flow velocity which is at 
least 1 m/s and is up to 200 times higher than the flow velo- 
city of the hydrocarbon-containing stream in the oxygen-admix- 
ing zone. 
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2 . a reactor according to claim 1, characterised in that 
the oxygen-admixing zone (3) has a cross-section area in the 
flow direction of the hydrocarbon-containing stream which is 
from 3% to 50% of the cross-section area of each of the two 

5 catalyst zones ( 2 , 4 ) . 

3. A reactor according to claim 2, characterized in that 
the oxygen-admixing zone (3) has a cross- section area in the 
flow direction of the hydrocarbon-containing stream which is 

io from 5% to 25% of the cross-section area of each of the two 
catalyst zones (2, 4). 

4. a reactor according to any of claims 1 to 3, 
characterized in that the means (5) for feeding oxygen-con- 

i5 taining gas to the oxygen-admixing zone (3) is designed to 
feed said gas in a direction which is transverse to the flow 
direction of the hydrocarbon-containing stream. 

5. A reactor according to claim 4, characterized in that 
20 the means (5) for feeding oxygen-containing gas is centered in 

a cross-section of the oxygen- admixing zone (3) and comprises 
one or more tubes (5) provided with orifices or radially ex- 
tending nozzles ( 6 ) . 


25 


6. a reactor according to claim 5, characterized in that 
the means (5) for feeding oxygen-containing gas to the oxygen- 
admixing zone (3) comprises a tube (5; Fig. 4), which tube is 
extending throughout the reactor, and is provided with ori- 
fices or nozzles (6) in the oxygen-admixing zone. 

30 

7. A reactor according to claim 4, characterized in that 
the means (5) for feeding oxygen-containing gas is arranged 
outside the oxygen-admixing zone (3; Fig. 5) for feeding the 
oxygen-containing gas through orifices or nozzles (6) in the 

35 outer wall of said zone. 

0 A reactor according to any of claims 1 to 7, 

characterized by there being arranged, adjacent to the outlet 
of the first catalyst zone and/or adjacent to the inlet of the 
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oxygen- admixing zone (3), a layer (10) of solid particles for 
the purpose of preventing back-flow of oxygen from the oxygen- 
admixing zone (3) into the first catalyst zone (2). 

59. A reactor according to any of claims 1 to 8, 

characterized by there being arranged, adjacent to the outlet 
of the oxygen- admixing zone (3) and/or adjacent to the inlet 
of the second catalyst zone (4), a layer (11) of solid par- 
ticles for the purpose of favouring a good mixing of the 
10 hydrocarbon-containing stream with the stream of oxygen-con- 
taining gas. 

10. A reactor according to claim 8 or 9, characterized in 
that the solid particles are quartz particles. 

11. A reactor according to any of claims 1 to 10, 
characterized in that it comprises several oxygen-admixing 
zones (3) contained in a series of alternating catalyst zones 
and oxygen-admixing zones, the first zone of the reactor being 

20 constituted by a catalyst zone ( 2 ) and the last zone of the 
reactor being constituted by a catalyst zone ( 4 ) . 
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